Abstract-Wireless sensors are normally powered by nonrechargeable batteries, but these must be replaced when depleted. Recent developments in energy harvesting technology allow sensors to be powered by environmental energy where it is present, but the wide range of situations where sensors are deployed means that it is desirable for the energy components of a sensor node (i.e. batteries, supercapacitors, and power generation devices) to be selected and configured at the time of node deployment. Previous energy harvesting-powered systems have been designed for specific energy hardware and been difficult to adapt for different resources. Energy-awareness is useful for state-of-the-art network algorithms, but present systems do not provide a standardized or straightforward way for nodes to monitor and manage their energy hardware.
INTRODUCTION
Wireless sensor nodes interface with their sensing hardware, interpret the sensed parameter, and transmit the data wirelessly (normally via radio frequency communications) to other nodes on the network or a central data 'sink'. By definition, wireless sensors must not rely on a wired power supply, and are most often powered by non-rechargeable batteries. Batteries are a popular solution for this application, as they are cheap and have a high energy density, but they provide a limited amount of energy and must be replaced when depleted. The constrained nature of energy supplies for wireless sensor nodes, along with recent developments in
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Modern wireless sensor nodes utilize low-power microcontrollers such as the MSP430 or 8051. For example the CC2430 system-on-chip device (which is based on an extended 8051 microcontroller) from Texas Instruments typically draws below 1µA when asleep. The device incorporates an IEEE 802.15.4-compliant transceiver and, when it is active and transmitting, draws a maximum of 27mA. It is capable of operating at supply voltages between 2.0V and 3.6V [1] . These properties mean that it is feasible for the operation of the device to be sustained by the power obtained from energy harvesting devices. Examples of devices operating from harvested energy include Prometheus from the University of California, Berkeley, which operates from outdoor solar energy [2] ; and the VIBES demonstrator developed by the University of Southampton, which harvests energy from the vibration of machinery [3] .
Very few projects have incorporated multiple energy resources onto a single node. AmbiMax, developed by the University of California, Irvine, is a notable example which combines energy harvesting from wind and light, and stores it in supercapacitors and lithium rechargeable batteries [4] . An advantage of the AmbiMax power module is that it is entirely analogue and autonomous. However, the system design must be adapted to accommodate changes of energy resource. Furthermore, the sensor node powered by the module has no means of finding out the levels of production or availability of energy as the output voltage of the module is fixed at 4.1V. An alternative system is MPWiNodeX, which is capable of using up to three energy sources to recharge a NiMH battery pack [5] . However, the type of energy store cannot be changed, and the energy sources only give a coarse indication of their status (they cannot be actively managed).
Energy-awareness is useful for state-of-the-art network algorithms, such as IDEALS/RMR [6] , which aim to conserve energy when it is scarce and exploit it when it is plentiful. This is achieved by determining the importance of messages and controlling their reporting based on the energy status of the node. In this way, the node's operating time can be extended and the probability that the most important messages will be able to be transmitted is increased. However, delivering an accurate estimate of the energy status of a sensor node is a nontrivial task [7] , and requires the node to have detailed knowledge of its hardware subsystem, which can be complex.
A family of IEEE standards, introduced in Section II, deliver plug-and-play capabilities to industrial transducers. In a similar way to how sensing transducer hardware can be reconfigured dependent on the requirement for measurements, it is desirable for the energy hardware of harvesting sensor nodes to be reconfigurable dependent on the power requirements of the node and the forms of energy available in the deployment environment. This paper proposes a system which allows the energy resources on a sensor node to be connected and configured, at the time of system deployment, without the need to re-program the microcontroller software. The energy subsystem of the sensor node is split into a number of modules including the multiplexer (which facilitates the scheme). A common hardware interface is introduced, which permits the sensor node to communicate with each module individually and a preliminary Energy Electronic Datasheet (EEDS) format has been developed which stores module parameters in memories on the modules. The scheme as a whole allows the energy hardware of the sensor node to be configured and re-configured in-situ, with the sensor node being able to interrogate the electronic datasheet on each module to determine its operational parameters and how to interpret the obtained data.
A prototype system has been developed, which facilitates the flexible connection of devices as shown in Fig. 1 . The scheme allows the sensor node to be powered by a selection of energy resources such as vibration and photovoltaic energy harvesting, primary batteries, and a mains power adapter. Energy may also be buffered in rechargeable batteries or supercapacitors. The system will autonomously start-up and detect changes in its energy subsystem, and accommodates up to six energy modules.
The developed scheme allows systems to be configured at the time of deployment, gives a great deal of flexibility with regard to the energy hardware, and allows the node to have a more detailed knowledge of its energy subsystem than has previously been possible. The system allows energy modules to be connected to any socket on the multiplexer module, and if necessary multiple modules of the same type can be connected.
A major advantage of the plug-and-play functionality is that the system can be installed and configured by a person without an in-depth understanding of the operation of the sensor node. The complete system, with electronic datasheets and a common hardware interface, delivers a novel plug-and-play capability for the energy subsystems of wireless sensor nodes. The interface allows up to six energy modules to be used to power the sensor node, and the voltages and type of interface used means that the system can be utilized to power sensor nodes based on a range of low-power microcontrollers.
Section II introduces the concept and format of the EEDS, and Section III defines the common hardware interface which permits the energy subsystem to be interfaced with using one 8-bit microcontroller port. The module prototypes are described in Section IV, and the operation of the complete system is described in Section V. The performance of the system is evaluated in Section VI. The paper concludes in Section VII, which also discusses the planned future developments for the system.
II. THE ENERGY ELECTRONIC DATASHEET

A. Background to electronic datasheets
The IEEE 1451 standards family defines interfaces between industrial transducers and communication networks, with the aim of delivering plug-and-play capabilities to industrial sensor systems. The standards define common interfaces, management structures, and electronic datasheet templates for transducers. The most relevant standard to this paper is IEEE 1451.4-2004, which defines a mixed-mode (analogue and digital) interface between transducers and application processors, along with the format of the Transducer Electronic Datasheet (TEDS) [8] . Systems that are compliant with this standard allow transducers to be installed without the need for manual configuration. A 1451.4-compliant system will normally consist of a smart transducer that is connected to a data acquisition system which interfaces through a network-capable application processor to a display device such as a PC.
An example of a typical smart sensor is from the Watlow INFOSENSE-P transducer family, which implements the IEEE 1451.4 standard. As shown in Fig. 2 , the smart sensor has its TEDS calibration data stored in an EPROM on the device, rather than the conventional approach of printing the information on a tag attached to the sensor. The process of installing, identifying, and calibrating the transducer is therefore automated and takes place as soon as the device is attached to the system.
B. Extensions to the scheme
The concept of electronic datasheets has been taken further by Bandari et al. [10] , who have developed the Component Electronic Datasheet which stores information about electrical and mechanical components in a system. This forms part of a process for Integrated Systems Health Management (ISHM) in which overall reliability is optimized by increasing the level of information stored about each individual component's operating parameters, in the case of their example for a rocket testing facility. In this paper, we propose using an Energy Electronic Datasheet (EEDS) to store parameters of energy modules. The aim of the EEDS is to promote the reconfigurability of the energy resources of sensor nodes by storing parameters related to the operation of each energy module on the modules themselves. The datasheet identifies the type of module (e.g. photovoltaic energy harvester) and its operating parameters (e.g. how the power generated corresponds to its open-circuit voltage and which data lines to use to query the device). This enables autonomous sensors to monitor and manage the status of their energy modules with greater reliability and accuracy in order to more effectively deliver energy-aware operation.
C. Hardware and interrogation method
TEDS is most commonly implemented on Maxim-Dallas 1-wire EPROMs [11] . 1-wire devices communicate using a timing-specific protocol and require only two connections: ground and a combined data and power pin. The capabilities of the 1-wire protocol mean that it is possible for a large number of devices to share the same single-wire bus. However, the addressing of these devices in this situation is not straightforward as the master has to go through an initial search process to identify all devices on the line in order to determine their serial numbers. When it has done this, it will still be uncertain about the actual physical location of each device. Further detail on the hardware interface implemented in this system is given in the following section.
The EEDS implemented in this system uses the DS2502+ 1kB add-only EPROM. Each device has a unique serial number and 1024 bits of programmable memory, partitioned into four pages. The device is rated for operation between 2.8V and 6.0V from -40°C to +85°C. Its operation in this system, however, has been successfully tested down to 2.0V at room temperature. The device must be programmed before deployment as it requires programming voltages of up to +12.0V, which cannot be realized by the sensor node.
D. Outline datasheet structure
The basic EEDS structure implemented in this demonstrator is as shown in Table I . This permits the microcontroller to obtain sufficient information to query, interpret and manage the energy modules. It is expected that, for later revisions of the datasheet format, descriptors such as manufacturer ID and model number will also be included. Full details on the codes used for each field cannot be included in this paper due to space restrictions, and are currently subject to change as the system is further developed.
III. COMMON HARDWARE INTERFACE
A. Requirements
Microcontrollers have a limited number of I/O pins available, especially those that are connected to the ADC, and it is necessary to conserve these as far as possible. Furthermore, within our scheme of EEDS-equipped modules, it is important that the microcontroller is able to access each module independently -firstly in order to determine its datasheet parameters, and later to perform measurement and control operations on each module. In the scenario outlined earlier, it would be unrealistic to expect that each module would have multiple direct connections to I/O pins of the microprocessor. For this reason, it is necessary to multiplex parts of the system to make best use of resources and allow queries to be effectively executed.
A drawback of 1-wire devices is that they draw current when connected even when not actively communicating. In order to isolate all 1-wire devices, the first multiplexed address (address 0 in this case) is used for ancillary communication between the microcontroller and the multiplexer, without a 1-wire device. The microcontroller leaves the address lines in this state when not actively communicating with the energy modules. This permits the multiplexer module to use the bidirectional data lines to trigger interrupts on the microcontroller (e.g. they can be used to indicate that a voltage threshold has been reached). The allocation of two addresses to the multiplexer module leaves six further addresses for other energy modules.
B. Structure
With the conventional method of searching a 1-wire bus outlined earlier, in this application it would still be unclear which module is connected to each multiplexer module socket (hence making monitoring or control of energy modules through their correct sockets impossible). In this system, the 1-wire devices are connected via the multiplexer module in order that they can be accessed one module at a time (by socket number rather than serial number), and the multiplexer module's EPROM is always accessed through the final address (address 7). The scheme shown in Table II is used to define the multiplexed address of each module (with this number of devices, there needs to be three multiplex address lines).
By first querying the final address (the multiplexer module) the EEDS of this module can be read in order to determine its operating parameters. These parameters include the minimum Figure 2 . (a) A conventional transducer with tag giving calibration information which must be entered manually or using the barcode stripe, and (b) A 1451.4-compliant transducer which incorporates calibration information on its EPROM. Reproduced from Watlow datasheets [9] .
cut-off voltage, maximum supply rail voltage, and voltage regulation scheme. In this way, and through this common interface, the microcontroller can self-determine the energy subsystem's parameters through the sequential querying of the EEDS on all devices attached through the multiplexer module. It will also understand the function of each bi-directional line. In order to provide the maximum level of flexibility, the lines listed in Table III are provided between the microcontroller and the multiplexer module (two lines are the power supply to the microcontroller and the remaining eight are I/O lines, four of which must be equipped with ADCs).
It is the task of the multiplexer module to ensure that the supply voltage and ADC inputs that the microcontroller receives are not damaging to the device, nominally by means of diode-clamping to the supply output rails. The modules are also required to ensure that the measurement outputs they give are within the valid range, typically between 0V and 1V for low-voltage microcontrollers.
The interface between the multiplexer module and the energy modules is comprised of eight lines, as shown in Table  IV . The 1-wire bus line and four bi-directional lines are passed through to the module after multiplexing. The ground and supply outputs from the module directly connect to those lines on the multiplexer module. Furthermore, the regulated voltage from the multiplexer module is fed back to each energy module to facilitate digital communications directly with the microcontroller without the need for level-shifting, otherwise the microcontroller could be exposed to out-of-range and damaging digital voltages.
In the scheme proposed here, it is not necessary to mandate specific sockets on the multiplexer module socket as all switching hardware is located on the modules themselves, rather than on the multiplexer module. However, it should be noted that each module is responsible for self-regulating its output voltage to a maximum of 4.5V. In the case of harvesting modules, this means that a voltage regulator, or voltagedetector and isolation transistor arrangement, will often be necessary.
C. Connector selection
As defined in tables III and IV, the interface between the multiplexer module and the energy modules requires 8 lines, and the interface between the microcontroller and the multiplexer has 10 lines. The cost of connectors is important, as is their robustness. It is expected that the energy modules will be connected and disconnected more frequently than connectors between the microcontroller and the multiplexer module. It is for this reason that RJ45 connectors are used for the interface between multiplexer and energy modules. The connection between the microcontroller and the multiplexer module is via a 2 x 5-way 0.1" pin header.
D. Operation
On initial system start-up, the EEDS on the multiplexer module is queried by the microprocessor on the sensor node. The microprocessor then interrogates the other modules in the energy subsystem. The important parameters are stored in the microcontroller's memory, and hence it is not necessary for the microcontroller to regularly query the EEDS on the modules as a matter of course.
In normal operation (after the configuration phase), the microcontroller periodically monitors the energy modules in order to gauge the energy status of the sensor node. To do this, the multiplex address lines are set to the device of interest, and the bi-directional reconfigurable lines are used to control transistors and obtain readings. For example, with the photovoltaic module, one of the lines is used as an output to control a transistor to disconnect the cell from its load and another line is used as an analogue input to the microcontroller through which the open circuit voltage of the cell can be measured. In other situations, the lines are used to connect the harvesting source to a known load to estimate the power being generated.
Some modules can be actively managed by the microcontroller. For example, it may be desirable to only switch a primary battery into the system if there is a highpriority message to be transmitted by the device and its energy status is low. In this situation, one of the bi-directional lines can be used to control the connection of the battery to the load (in normal operation, other lines can be used to gauge the stateof-charge of the battery or its connection status). Clearly on many modules the control line will need to have persistence. This is because the bi-directional lines are multiplexed and it is desirable for the microcontroller to be able to alter settings on a module and ensure that they will be maintained in their desired state after the multiplexer is switched away from their address.
A bistable multivibrator will normally be used to achieve this.
Some modules, such as rechargeable batteries, require different types of control or more than one parameter to be measured, which is why four bidirectional reconfigurable lines have been allocated for these operations.
E. Module requirements Multiplexer module
The purpose of the multiplexer module is to permit the interconnection of energy modules, to supply a stable power supply to the microcontroller, and to allow it to monitor and manage the energy modules through their data lines. The multiplexer module, as a minimum, features the following hardware: The 1-wire pull-up resistor facilitates 1-wire communications, and the pull-down resistors ensure that the multiplexers default to address 0 (for low-power monitoring). This also has the effect that the 1-wire pull-up resistor is isolated when the device is not active, thus the power consumption of the module is minimized.
Given that MSP430 microcontrollers have a typical supply voltage range of 1.8-3.6V [12] , and the CC2430 requires 2.0-3.6V [1] , in order to support a wide range of microcontrollers, the multiplexer module regulates the supply voltage between 2.0V and 3.0V. The multiplexer module supports an unregulated voltage that is higher than the maximum supply voltage of the microcontroller, and this will normally be 4.5V as this is the maximum voltage supported by commercial supercapacitors.
Other energy modules
Each energy module will feature the following hardware:
1. Switches and diodes to prevent unwanted backflow of energy to harvesting devices from multiplexer module 2. Optional switching hardware to allow querying of energy status of module 3. Optional resistor divider to bring measurement in range of µC ADC, plus op-amp buffer 4. Optional persistent control channels 5. 1-wire device programmed with EEDS 6. Overvoltage protection limiting output to 4.5V, if necessary for the module 7. One RJ45 socket to connect with the multiplexer module Essentially the purpose of energy modules is to ensure that they generate, buffer, or otherwise supply energy to the multiplexer module in order that it can reliably and efficiently supply power to the microcontroller. Given that the multiplexer module will operate with an unregulated voltage of up to 4.5V, it is expected that energy modules will self-regulate their outputs to a maximum of 4.5V. Each module is effectively able to operate autonomously, and must function in a stable manner without external control.
Care must be taken when designing energy modules to ensure that they will allow the system to start-up from cold. For example, if a system only has one energy harvesting module supplying power, it would be impossible for the system to start up if this module initializes as being disconnected or opencircuited. A further detail is that the energy module should not be damaged by not being connected to the multiplexer module i.e. they should not rely on their outputs being connected in order to maintain safe operation. As a general rule:
• Energy harvesters and mains modules should be designed to start up supplying energy to the system • Fast-response buffers, such as supercapacitors, should default to allowing charge and discharge • Slow-response buffers, such as rechargeable batteries, should be permitted to discharge (but may support a manual override facility, e.g. using push buttons), and automatically recharge if their output voltage is <2.0V • Primary energy sources (such as non-rechargeable batteries) will normally have a push-button control to allow the system to cold-start on initial installation, then be managed by the microcontroller
The following section describes the functionality of modules implemented in the demonstration system.
IV. MODULE PROTOTYPES
A. Multiplexer module
The multiplexer module, pictured in Fig. 3 , supports the connection of up to six energy modules through its RJ45 sockets. It includes five Analog Devices ADG708 8-to-1 analogue switches. These operate from 1.8-5.5V, have a typical 3Ω on-resistance, and an enable pin. The maximum unregulated voltage supported by this module is 4.5V, and this is regulated down to 3.0V by a Maxim XC6215 LDO linear regulator. A linear regulator was chosen for this design due to its simplicity and low quiescent power consumption. It supports currents of up to 150mA. Undervoltage protection is provided by a voltage detector and MOSFET combination, with the voltage detector being a 2.0V Maxim XC61C, having a CMOS output stage. A tantalum 100µF capacitor provides a small low-ESR buffer which compensates for the current drain when the module output is turned on and the microcontroller starts up.
Additional circuitry includes pull-down resistors for the analogue switch address lines, and a pull-up resistor for the 1-wire bus. Diode clamping is provided by an array of NXP BAT754 Schottky diodes. Three push switches are located on the top edge of the board. They are connected to the low-power monitoring lines of the system (address 0), permitting the triggering of interrupts to adjust parameters or trigger actions. Additionally, the facility is provided using an XC61C voltage detector and MOSFET arrangement to trigger an interrupt when the unregulated voltage passes 2.7V. This is an arbitrary selection but is used to show the ability of the system to indicate when a voltage threshold has been passed.
In order that the microcontroller can monitor the unregulated voltage on the multiplexer module, a resistor divider and op-amp (ST TS941) buffer arrangement is provided. This brings the potential 0-4.5V unregulated voltage range into the 0-1V range supported by most microcontroller ADCs. This facility is managed and monitored through address 7, and allows the microcontroller to monitor the unregulated voltage on demand.
B. Photovoltaic module
The photovoltaic energy harvesting module PCB is a development of the circuit reported in [13] . The photovoltaic cell and this PCB should be taken together to represent the photovoltaic module. The DS2502+ EPROM holds operating parameters of the circuitry and cell in combination, so it should be noted that in this scheme the actual harvesting device and its energy conditioning circuit are considered as one module.
The circuit interfaces with indoor amorphous silicon photovoltaic cells, preferably with an operating voltage of between 2.5V and 5.0V. In the demonstrator system it is connected to a Schott OEM 1116929. This cell is capable of producing >1mW of power under bright indoor lighting. The circuit works to hold the cell at its optimal voltage, regardless of the unregulated voltage on the multiplexer module. This improves the efficiency of the system and delivers faster charging times when cold-starting the system. Details on all components used for this module are beyond the scope of this paper, but it should be noted that the operating voltage of the photovoltaic module is set using a variable resistor. Overvoltage protection is delivered using a XC61C voltage detector and FET combination, which disconnects the photovoltaic cell when the maximum system voltage is reached. The same FET combination (feeding into an op-amp buffer arrangement) is used to permit the microcontroller to analyze the open-circuit voltage of the cell and hence estimate the nominal power being harvested.
C. Vibration module
The vibration module PCB is designed to interface with a Perpetuum PMG17 vibration energy harvester. The manufacturers have found, in real deployments, that this device can generate 500µW on 80% of machines, and 1.0mW on 60% of machines [14] . It provides a half-wave rectified output limited to 8V. The circuitry on this PCB uses a high-efficiency step-down converter to limit this voltage to 4.5V. To increase the efficiency of the system, the device waits until the output capacitor is charged up before allowing energy to be output to the multiplexer module.
The nominal output power from the vibration energy harvester can be estimated by the microcontroller by shutting down the step-down converter and isolating its associated input capacitance. A known load is then switched in across the output of the vibration generator and the voltage across this load is measured to determine the instantaneous power level. The DS2502+ stores the characteristics of the energy harvester and the details of the known load.
D. Supercapacitor module
The supercapacitor module is designed to accommodate both CAP-XX thin, flat supercapacitors such as the GS206F 0.55F model fitted in this prototype, and Panasonic Gold HW series supercapacitors. The DS2502+ EPROM stores information on the size and type of supercapacitor fitted.
Additional circuitry can be added to allow the microcontroller to query the stored voltage on the supercapacitor, but this has not been fitted as, in the configuration used in the demonstration, the voltage on the supercapacitor is the same as the unregulated voltage on the multiplexer module.
E. Battery module
The battery module is designed to accommodate a range of battery types. In the first prototype it is fitted with a 1/2AA size axial leaded lithium 3.0V battery. It is also designed to accommodate a pair of AAA rechargeable NiMH batteries (in holders), or a CR2430 button cell. The DS2502+ EPROM stores information on the type and size of cell(s) fitted. The circuit is largely unpopulated in this instance as the battery fitted is a primary (non-rechargeable) cell. The additional circuitry permits the microcontroller to control the charging of rechargeable batteries fitted to the module.
There is currently no step-up capability, meaning that the module cannot supply a higher voltage than the voltage of the cell(s). It is intended that the next revision of this circuit will provide the capability to step the voltage up to 4.5V.
Circuitry is provided to allow the microcontroller to assess the state-of-charge of the battery. This is either by analyzing the open-circuit voltage, or the voltage after pulsed discharge through a small resistive load (set by resistor values soldered onto the board).
The board has two bistable multivibrators, which maintain the "discharge enable" and "charge enable" status of the module, meaning that these parameters can be asserted or negated by the microcontroller and that state will be maintained by the module. The two push-buttons on the bottom of the board are manual 'on' and 'off' switches, which permit the output to be manually enabled to allow the system to be coldstarted. Once the system has started, these can then be controlled by the microcontroller.
F. Mains module
The mains module permits the system to run from mains power. The PCB has a standard 2.1mm jack socket and hence is compatible with a range of mains power adapters. The PCB will regulate a 5.0 to 11.5V DC input down to 4.5V, using a Maxim MAX639 switching regulator. The DS2502+ identifies the type of module and its pin functions. Additional circuitry permits the microcontroller to ascertain whether the mains adapter is supplying power to the system.
V. SYSTEM INTEGRATION
A. Complete system
A demonstration system, including a multiplexer module and four energy modules (supercapacitor, battery, photovoltaic and mains), is shown in Fig. 4 . A further two energy module sockets on the multiplexer module are currently free. Energy modules can be connected to any RJ45 socket on the multiplexer module, and are connected here by standard 300mm RJ45 patch leads. The energy subsystem shown is connected to Port 0 of a TI CC2430 evaluation module (EM) via a 10-way IDC cable. The interface with the CC2430 EM is via its battery board (without batteries attached).
B. Default operation
The default behavior of the system on first installation is to allow the energy harvesting device(s) to charge up the supercapacitor module. Once this store reaches approximately 2.1V, the system connects the power supply to the CC2430, which then starts up and tests its voltage. When this has reached a suitable level (nominally 2.7V) the microcontroller then performs the first energy-intensive tasks such as scanning its energy subsystem.
To deliver a near-instant start-up to the system, the 'On' button may be pressed on the primary battery module, which will cause the system to receive power from the battery. Once the microcontroller has taken control of the energy subsystem, the microcontroller disconnects the primary battery in order to conserve the charge level on the cell.
Alternatively, the mains adapter may be turned on, which would also act to rapidly charge up the supercapacitor module. However, the microcontroller cannot act to turn off this supply as it is assumed to be a zero-cost resource which should be taken advantage of whenever it is available.
The first scan of the energy subsystem is used to ascertain which sockets are occupied, what types of device are present, and their operating parameters. From this initial scan the microcontroller can reach an estimate of the amount of energy stored by the system. This data is stored in the microcontroller memory, so the EEDS of each module need only be scanned once (1-wire activities are power-intensive so it is undesirable to carry out unnecessary communications).
C. Change detection
The microcontroller keeps a table of which sockets on the multiplexer module are occupied. The microcontroller will periodically (at least once per minute when active) re-scan the sockets on the multiplexer, issuing a reset pulse on the 1-wire bus for each socket, then listening for a presence pulse in response. By comparing the presence pulses received against its table of known connections, newly connected or disconnected modules can be detected. Newly-connected modules can be interrogated for their full datasheet, while disconnected modules can be removed from memory and removed from future calculations.
An important note, however, is that hardware changes can be missed if devices are quickly swapped on the same socket. For example, if the battery module on socket 2 is swapped for another device, and this happens within the period between scans, the microcontroller will detect a device still present in that socket and not realize that the module has been exchanged. 
D. Energy-awareness
The EEDS obtained from each modul embedded software on the microcontroller to energy status of the system. For example, interconnection shown in Fig. 4 , the amount o the supercapacitor is estimated by monitorin energy remaining in the battery is estimat impulse load, and compared against the provided in the EEDS for the cell.
The status of the mains module is asce querying a digital output from the module. module's nominal power is determined photovoltaic cell to be disconnected fro analyzing its open-circuit voltage. As des nominal power can then be estimated from t given in the EEDS for the module.
The microcontroller classifies the energy as a discrete power priority level. These are These effectively provide an input to ne mentioned earlier in this paper. They perm make decisions about activity levels without having to have a detailed knowledge of t energy subsystem on the sensor node. The given in the table are the default valu demonstrator -these can be modified as requ
E. Testing
The system has been tested with the confi Fig. 4 . The first test performed involved start supercapacitor and allowing it to charge module. The result of this test is shown in F Channel 1 is the raw voltage on the multip The test system is able to op node. In the second test, with t in Fig. 6 being taken from age which the microcontroller is rved that the node reaches the pproximately 50s, and that the rise until it is regulated to 3.0V. ximum of 4.5V, before the mains ff and the system was discharged e regulated voltage follows the it falls below 2.0V, after which sconnected from the supply and ly 0.0V.
perate autonomously as a sensor the Hyperterminal output shown e PC connected to the receiver ged up from cold, using the ook less than one hour under an Lux) in the configuration shown eset, and the initial sweep of the the first group of transmissions of the energy module EPROMs). pacitor is 2.8V the system is in seconds to perform a re-scan of art-up, the vibration module was multiplexer module. This resulted showing that a device had been ximately 10s after this, the sconnected from socket 3 and resulted in two transmissions: 3 was now empty; secondly to en connected to socket 6. e involved the monitoring of the e. The microcontroller was e, and to report the measured cuit voltage (and hence nominal equations given in [13] . With a 0 Lux, the measurement output e was 1.09V. The unregulated dule was 3.89V which led to an estimate of 4.54V. The expected ht intensity was 4.65V. VI. EVALUATION A prototype system has been developed, which facilitates the flexible connection of energy modules as appropriate to the deployment environment and sensing tasks. The scheme allows the sensor node to be powered by a selection of energy resources such as energy harvesting, primary batteries, and a mains power adapter. Energy can also be buffered in rechargeable batteries or supercapacitors. The system autonomously starts up and automatically detects changes in the components of its energy subsystem. The hardware interface has been designed to interface with a range of lowpower microcontrollers.
The developed scheme allows systems to be configured at the time of deployment, gives a great deal of flexibility with regard to the energy hardware, and allows the node to have a more detailed knowledge of its energy subsystem than has previously been possible. The system allows energy modules to be connected to any socket on the multiplexer module, and if necessary multiple modules of the same type can be connected. A major advantage of the plug-and-play functionality is that the system can be installed and configured by a person without an in-depth understanding of the operation of the sensor node.
The main drawbacks are the increased physical size of the system, and the overhead in additional circuitry that delivers the flexibility and energy-aware functionality. Clearly the size and cost of the energy subsystem is higher than those of a longlife battery, but the main advantage of this system is its flexibility with regards to the modules connected to its energy subsystem. It is believed that the enhancements in system reconfigurability and energy-awareness outweigh the other potential drawbacks.
VII. CONCLUSIONS AND FUTURE WORK This paper has described a scheme for developing modular plug-and-play power resources for wireless sensor nodes. The complete system, with electronic datasheets and a common hardware interface, delivers a novel plug-and-play capability for the energy subsystems of wireless sensor nodes. The interface allows up to six energy modules to be used to power the sensor node, and the voltages and type of interface used means that the system can be utilized to power sensor nodes based on a range of low-power microcontrollers.
The system has been demonstrated and tested with a range of energy hardware, has been shown to start up and shut down the power supply to a microcontroller dependent on its voltage, and regulate the supply voltage to the microcontroller between 2.0V and 3.0V. The microcontroller software has been demonstrated to detect changes to components of its energy hardware, and it functions as a sensor node detecting and reporting temperature. A system of power priorities have been implemented, which controls the activity of the sensor node dependent on its energy status. The system is now sufficiently developed to interface to a higher-level application, which will allow more comprehensive testing to be carried out, resulting in a truly energy-aware wireless sensor node.
Additional planned future work includes demonstrating the system with an MSP430 microcontroller (in contrast to the CC2430), developing further energy modules (including thermoelectric and wind power) and reducing the overall physical system size. There are also plans to develop a 'lightweight' multiplexer module which would only facilitate the connection of one energy module for simple systems which could function directly from, for example, a long-life primary battery. Ultimately the goal is to develop and evaluate the proposed hardware interface and datasheet structure for a range of microcontrollers and energy devices, thus delivering a truly flexible platform for energy-aware wireless sensor nodes.
